Background: Atopic diseases are more prevalent in industrialized countries than in developing countries. In addition, significant differences in the prevalence of allergic diseases are observed between rural and urban areas within the same country. This difference in prevalence has been attributed to what is called the 'hygiene hypothesis'. Although parasitic infections are known to protect against allergic reactions, the mechanism is still unknown. The aim of this study was to investigate whether or not malarial infections can inhibit atopic dermatitis (AD)-like skin lesions in a mouse model of AD. Methods: We used NC/Nga mice which are a model for AD. The NC/Nga mice were intraperitoneally infected with 1 9 10 5 Plasmoduim berghei (Pb) XAT-
A significant increase in the prevalence of allergic diseases such as asthma, allergic rhinitis, and atopic dermatitis (AD) has been observed over the past several decades (1) . In particular, atopic diseases have become more prevalent in industrialized countries than in developing countries (2) . It has also been recognized that parasitic infections suppress allergic diseases (3) . For example, areas endemic for helminth infections have a low prevalence of allergic diseases (4) . In addition, significant differences in the prevalence of allergic diseases have been noted between rural and urban areas within the same country (5) . This epidemiological research could infer that bacterial, viral, and/or parasitic infections in early childhood may reduce the risk of allergy (6) . One possible explanation, the 'hygiene hypothesis', has proposed that a lack of early childhood exposure to infectious agents can lead to a higher incidence of allergic disorders (7) . Symbiotic microorganisms (e.g., gut flora or probiotic bacterium) and parasites prevent the symptoms of allergic diseases (8, 9) . For example, helminth infections stimulate strong T helper 2 (Th2) responses and IgE production (2) . The proposed mechanism may be that helminth infections induce polyclonal nonspecific IgE antibodies capable of blocking allergic hypersensitivity (10) . In another study, researchers found that a helminth infection induces interleukin-10 (IL-10) from T cells and lowers the risk of skin hyper-reactivity to allergens (11) . Collectively, parasitic infections may reduce the production of Th2 cytokines that are associated with allergy. Furthermore, polarized Th2 immune responses play a critical role in the skin inflammation in AD (12) .
Malaria, caused by the protozoan parasites of the genus plasmodium, is still a life-threatening infectious disease. Two hundred million people are infected annually with malaria parasites (13) . Malaria infection exerts significant suppressive effects on the host immune system to evade the host's defenses (14) . A recent study demonstrated that activated regulatory T cells contribute to immune suppression during a malaria infection through the Toll-like receptor 9 (TLR9) (15, 16) . In other reports, researchers found that IL-10 and natural killer (NK) cells were required for the host immune system to avoid hepatic pathology or cerebral malaria (17) . Immunomodulation through experimental parasitic infection has also been reported. For example, some patients with Crohn's disease achieved remission after a single oral dose of Trichuris suis eggs (18) .
There have been no published data on immunomodulation by malarial infection in AD animal models. The aim of this study was to investigate whether or not malarial infections can inhibit AD-like skin lesions in the NC/Nga mouse model.
Materials and methods
For additional information about the used methods, we refer to the Supporting Information section.
Mice and parasites
NC/Nga mice have been considered as a suitable animal model for AD (19) . SPF NC/Nga male mice were between 10 and 12 weeks old were purchased from Japan SLC, Inc. (Shizuoka, Japan) and kept in an SPF environment. Ageand sex-matched groups of conventional NC/Nga male mice were separately purchased from Japan SLC and maintained separately under conventional conditions or SPF conditions.
Plasmoduim berghei XAT (Pb XAT) is an irradiationinduced attenuated variant obtained from the lethal Pb NK65 strain. Blood-stage Pb XAT parasites were used in all experiments (20) .
Determination of parasitemia
Blood samples were collected from the tail vein of the infected mice. The percentage of parasitized erythrocytes (i.e., parasitemia) out of the total number of erythrocytes was calculated.
Dermatitis evaluation
The clinical skin severity score of dermatitis was assessed for 4 symptoms: erythema/hemorrhage, scaling/dryness, edema, and excoriation/erosion (21) .
Immunohistochemistry
The back skin of the mice was collected under anesthesia. The sections were stained with H&E and several primary antibodies.
Real-time quantitative PCR
Total RNA was extracted from the spleen and skin, respectively. Using an ABI PRISM 7700 instrument (Applied Biosystems, Foster, CA, USA), real-time PCR was performed by TaqMan gene expression assays.
Measurements of total IgE and parasite-specific IgE
Total IgE and parasite-specific IgE levels were measured by a sandwich ELISA method using the mouse IgE ELISA Quantitation Set (Bethyl Laboratories, Inc., Montgomery, TX, USA).
Administration of anti-NK cells
The mice were injected intraperitoneally with 100 ll of PBS solution containing 100 lg of anti-asialo GM1 antibodies (Wako, Osaka, Japan) every other day. In the control group, the mice were injected intraperitoneally with the same concentration of normal rabbit serum every other day. The spleen cells and peripheral blood cells were stained and analyzed using FACSCalibur (Becton Dickinson, Franklin Lakes, NJ, USA), and the list data were analyzed using Flowjo Software (Tree Star, Ashland, OR, USA).
Adoptive transfer of NK cells
A total of 1.0 9 10 6 NK cells from Pb XAT-infected mice were transferred intravenously per mouse. In the control group, PBS or adoptive transfer of the cells except NK cells were injected intravenously.
Statistical analysis
The statistical analyses of the experimental data were performed using one-way ANOVA and Tukey's test using SPSS Statistics. Results were expressed as mean AE SD. P < 0.05 was accepted as significant.
Results
The SPF NC/Nga mice were divided into two groups: one group of mice was kept under SPF conditions without Pb XAT infection (SPF-uninfected mice), and another group was kept under SPF conditions and infected with Pb XAT (SPF Pb XAT mice). The NC/Nga mice kept under conventional conditions were also divided into two groups as described above (conventional uninfected mice and conventional Pb XAT mice).
Parasitemia and clinical skin severity score
Under both SPF and conventional conditions, the NC/Nga mice that were infected with Pb XAT developed parasitemia within 2 weeks and maintained high levels of parasitemia at 4 weeks. Most mice were spontaneously cured from parasitemia at 4-6 weeks. No difference was observed between the infection period and the parasitemia level in the both groups (Fig. S1 ).
The clinical skin severity score started to decline in the conventional Pb XAT mice 1 week after the Pb XAT infection and reached a plateau at 3 weeks (Fig. 1) . Accordingly, the clinical skin severity score was inversely correlated with parasitemia ( Fig. S2 ). In contrast, the clinical skin severity score of the conventional uninfected NC/Nga mice remained high. AD-like dermatitis did not develop in both the SPFuninfected and Pb XAT mice (Fig. 1 ).
Histological features of skin lesions
Typical histological features of AD were observed in the dorsal skin of the conventional uninfected mice, such as hyperkeratosis, elongation of rete ridges, intercellular edema, and an increased number of infiltrating mononuclear cells in the dermis. However, the dorsal skin lesions showed a decreased number of mononuclear cells in the dermis 2 weeks after Pb XAT infection in the conventional Pb XAT mice (Fig. 2) .
In the immunohistochemical study, the conventional condition mice revealed that the number of CD3-positive cells was not significantly changed after infection. A small number of NKp46-and CD25-positive cells were detected in the conventional condition mice before infection. CD25-positive cells slightly increased during the early stages of infection, and NKp46-positive cells increased gradually during infection (Fig. 3) . On the other hand, NKp46-positive cells were not detected without infection in SPF mice.
Expression of mRNA in splenocytes and skin
The balance of T-cell-derived cytokines is skewed to the Th2 type during the acute phase of human AD. First, we measured serum levels of interferon (IFN)-c, IL-4, -5, and -10. However, these cytokines could not be detected both in the sera of conventional and SPF mice, irrespective of malarial infection. Therefore, we analyzed the cytokine production in cultured spleen mononuclear cells.
The secretion of IFN-c and IL-10 by splenocytes increased during the early stages of infection, but IL-4 was not detected (data not shown). These findings were consistent with previous reports (22, 23) . Next, we compared the levels of mRNA of several cytokines in spleen cells (Fig. 4) . The expression of IL-4, -10, -13, and IFN-c mRNA was increased in the early stages of infection in both groups of mice when compared with the SPF-uninfected mice and conventional uninfected mice. In contrast, the expression of forkhead box P3 (FOXP3), E4 promotorbinding protein 4 (E4BP4), and NK1.1 decreased at least for 3 weeks. In the skin, the expression of IL-4, -10, and -13 mRNA did not show significant changes. FOXP3 expression did not decrease, but E4BP4 increased markedly, but not significantly. NK1.1 and IFN-c were not detected in the skin samples (Fig. 4) .
IgE production
Many patients with AD reveal increased levels of serum IgE. We measured the serum IgE levels in the conventional uninfected, SPF-uninfected, conventional Pb XAT, and SPF Pb XAT NC/Nga mice, respectively. The increase of serum IgE levels in conventional NC/Nga mice was still present after infection with Pb XAT even after the skin lesions were ameliorated (Fig. S3A) . As shown in Fig. S3B , the levels of Plasmodium antigen-specific IgE slightly, but not remarkably, increased on 28 days after infection in conventional NC/Nga mice. In the SPF condition mice, serum IgE levels were not increased with or without Pb XAT infection.
Decrement of NK cells
To deplete NK cells, mice were injected intraperitoneally with anti-asialo GM1 antibody. Administration of the antibodies resulted in a decrease in the NK cells from the peripheral blood of the NC/Nga mice. The conventional uninfected mice revealed fewer NK cells than the SPF-uninfected mice (5.3 AE 2.9% and 10.2 AE 2.5%, respectively). In addition, the percentage of NK cells increased after Pb XAT infection only in the conventional condition mice, but decreased in the SPF condition mice after infection. Anti-asialo GM1 antibodies were more effective in NK cell depletion in the SPF condition mice than in the conventional condition mice (Fig. 5) . The skin lesions also did not improve in the conventional Pb XAT mice that received anti-asialo GM1 antibodies (Fig. 6 ). In the SPF-uninfected mice, the administration of anti-asialo GM1 antibodies did not lead to any skin lesions.
Adoptive transfer of NK cells
As shown in Fig. 6D ,E, adoptive transfer of NK cells markedly improved atopic dermatitis-like skin lesions in conventional NC/Nga mice in a week. On the other hand, in the control group, PBS treatment or adoptive transfer of the cells except NK cells did not improve the skin lesions.
Discussion
Atopic dermatitis is a pruritic and chronic inflammatory skin disease associated with a genetic background of atopic diathesis (24, 25) . Atopic dermatitis develops as consequence of a complex interaction of genetic, immunological, and environmental factors (26) . There have been many studies focusing on AD, primarily to investigate the immunological aspects of the disease and the role of the barrier function. It is still unclear whether parasitic infections can suppress AD, and if so, it is important to investigate the actual mechanism. 1 week after Pb XAT infection in the conventional mice. In contrast, in the anti-asialo GM1-treated mice, CD3-NK1.1 + cells decrease similar to uninfected mice, despite Pb XAT infection. n = 3-6/group *P < 0.05. (B) In the SPF condition mice, NK cells tended to decrease after Pb XAT infection. n = 3-6/group *P < 0.05, **P < 0.01. Anti-asialo GM1 antibodies have more effect on the SPF condition mice than on the conventional condition mice.
We demonstrated that NC/Nga mice infected with Pb XAT showed improvement in their AD-like skin lesions. As shown in Figs 1 and 2 , parasitemia and AD-like skin lesions were inversely correlated, suggesting that malarial infections improved the skin lesions. The expression of IL-4, -10, -13, and IFN-c mRNA in the spleen cells was increased during the early stages of malarial infection. In addition, immunohistochemical staining of the skin showed an increased number of NKp46-positive cells. The number of CD25-positive cells also tended to increase during the early stages of infection, but the number of CD3-positive cells was unchanged before and after infection. On the basis of our findings in this study, we infer that NK cells may contribute to the improvement of dermatitis in NC/Nga mice during malarial infections. As shown in Fig. 5 , a remarkable increase in IFN-c was observed in the early stages of infection. This result is consistent with a previous report (22) . Also, the expression of NK1.1 and IFN-c mRNA was reduced in the conventional uninfected mice compared with the SPF-uninfected mice. We demonstrated that the depletion of NK cells did not improve the dermatitis even during malarial infection. In contrast, in the SPF-uninfected mice, the depletion of NK cells did not cause dermatitis. Additionally, adoptive transfer of NK cells markedly improved atopic dermatitis-like skin lesions in conventional uninfected NC/ Nga mice. Based on these results, we conclude that NK cells play an important role in the improvement of dermatitis in malarial infections. In humans, it has also been reported that the number of circulating NK cells and IFN-c production by NK cells at the single-cell level was reduced in AD (27) . This change may skew immune responses toward a Th2 pattern and contribute to a susceptibility to infection in AD. It is well known that NK cells play an important role in both innate and adaptive immunity. NK cells produce cytokines that influence Th-cell polarization, and activated NK cells stimulate B cells to secrete immunoglobulins. It has been shown that human NK cells are able to polarize in vitro into two functionally different subsets, NK1 and NK2, which are analogous to the T-cell subsets Th1 and Th2. NK1 cells produce IFN-c and inhibit IgE production while NK2 cells produce IL-5 and IL-13 and stimulate IgE production (28) . In addition, NK regulatory cells are another subset of NK cells. NK regulatory cells that secrete IL-10 and TGF-b play major roles in immune regulation in the context of viral infection and promote transplant and pregnancy tolerance (29) . In AD, it is well established that the imbalance of Th1/Th2 T-cell polarization and the bias toward Th2 cytokine production plays a pivotal role in both the initiation and maintenance of these events. In addition, patients with allergic diseases have abnormalities of immune regulation associated with NK cells. These facts and our experimental results indicate that malaria infection causes an increase in the overall numbers of NK cells, the differentiation into NK1 cells, and the increase in NK regulatory cells.
Alternatively, the chemokine receptor CXCR3 may support the improvement of dermatitis due to malaria infection. CXCR3 is preferentially expressed in NK cells (30) . It is known that CXCR3 significantly increases during malaria infection (31) . In contrast, patients with severe AD often have a reduced frequency of CXCR3 + cells (32, 33) . Therefore, it may be possible to compensate for the reduced expression of CXCR3 associated with AD using malarial infection; this fact may be strongly related to NK cells. E4 promotor-binding protein 4, a basic leucine zipper transcription factor, is a critical regulator of NK cell development through its induction of the transcriptional inhibitor Id2; it also regulates IgE class switching in B cells. In the immune system, E4BP4 is known as NFIL-3, as it regulates the IL-3 promoter and promotes IL-3-mediated cell survival (34, 35) . In our study, the expression of E4BP4 mRNA in the spleen decreased during the early stages of infection and eventually returned to almost the same levels of the conventional uninfected mice (Fig. 4) . Inversely, the expression of E4BP4 mRNA in the skin increased in the early stages of infection and decreased 3-4 weeks after infection (Fig. 4) . We speculate that immature NK cells are mobilized from the spleen to other organs and then differentiate into mature NK cells. We also believe that malarial infections enhance the expression of E4BP4 and cause an increase of NK cells in AD skin lesions.
Collectively, for the first time, we demonstrate that parasitic infection inhibits AD-like skin lesions in a mouse model of AD. Our data showed that the number of NK cells in the skin increased after malarial infection possibly via upregulation of E4BP4. This understanding of the 'hygiene hypothesis' will open a new era of AD research.
